Urban areas are a hotspot for the interactions between the built environment, its inhabitants, and weather. Unlike the impact of temperatures through the well-known urban heat island effect, urban effects on cloud formation remain unknown. In this study we show observational evidence of a systematic enhancement of cloud cover in the afternoon and evening over two large metropolitan areas in Europe (Paris and London). Long-term measurements in and around London show that during late-spring and summer, even though less moisture is available at the surface and the atmosphere is drier, low clouds can persist longer over the urban area as vertical mixing of the available moisture is maintained for a longer period of time, into the evening transition. Our findings show that urban impacts on weather extend beyond temperature effects. These prolonged clouds over the city might enhance the urban heat island via night-time radiative forcing. 1 These cities can profoundly influence their atmospheric environment. The most commonly studied impact is the urban heat island effect (UHI), i.e., cities generally have a higher air temperature at street level during the evening and into the night than their surroundings.
INTRODUCTION
A growing fraction of the global population lives in cities. 1 These cities can profoundly influence their atmospheric environment. The most commonly studied impact is the urban heat island effect (UHI), i.e., cities generally have a higher air temperature at street level during the evening and into the night than their surroundings. [2] [3] [4] After extensive research, the key drivers and dynamics of the UHI are understood reasonably well. However, it is uncertain how the urban surface influences the atmospheric processes leading to clouds and convection. Previous studies have found cities influence individual mesoscale convective systems, based on case studies of convective precipitation 5, 6 or idealised highresolution simulations. 7, 8 Although clouds are associated with convection and precipitation, only a few studies examine cloud cover over cities. [9] [10] [11] In addition, clouds alter radiative forcing and thereby the thermal climate.
Surface energy balance partitioning between moisture (latent heat) and sensible heat fluxes influences the formation and maintenance of boundary-layer clouds. 12, 13 Surface energy balance partitioning over cities differs from the rural surroundings, 2 with latent heat fluxes generally lower above urban areas as vegetation is replaced by built surfaces. Hence, energy is predominantly partitioned into the heating of the building volume (storage heat flux) and the atmosphere (sensible heat flux). 14, 15 Cities are further expected to influence boundary-layer clouds through their rougher surface (e.g. buildings and trees) causing frictional convergence and the release of aerosols resulting in more cloud condensation nuclei. 16 This study explores whether, and to what extent, cloud dynamics are different over cities compared to their surroundings. Observations from the high-resolution visible broadband channel of Meteosat Second Generation (MSG-HRV) 17 are used at a resolution of~1-2 km, for two large metropolitan areas in Europe: Paris (≈11.8 million inhabitants in the functional urban area 18 ) and London (≈12.3 million inhabitants in the functional urban area 18 ). The cloud identification method neither distinguishes precipitating from non-precipitating, nor high from low clouds. However, from long-term ground-based measurements in London 19, 20 we can distinguish low, non-precipitating clouds, examine night-time clouds and identify some of the hypothesised causes of urbanrural cloud occurrence differences. Combining ground-based and space-bourne observations provides a detailed picture of the interaction between the urban surface and cloud formation.
RESULTS

Satellite observations
MSG-HRV data allows cloud cover patterns over Paris and London to be identified at high spatial and temporal resolution. Figure 1 (Supplementary Movie 1) is a MSG-HRV example for a typical cumulus (fair weather, low clouds) day in June 2010 over Paris. Initially, the day is clear with a northwesterly flow, cumulus clouds form during the morning and remain in the afternoon (Fig. 1b) . In the evening more clouds remain over Paris than the surroundings (Fig. 1c) and stay active until after sunset above the city. This is a striking example of convective clouds lingering over Paris which occurs rather frequently.
To determine if this ( Fig. 1) is an isolated case, multiple years (2009-2018) of MSG-HRV data are analysed during late-spring and summer (May, June, July, August). In the Paris region, the cloud fractions (Fig. 2a) are generally higher (mean of~4.1% and a median of~3.0% 14:00-17:00 UTC) over the urban surface when cumulus clouds are the dominant cloud class (>6 h per day, Methods section). In the morning the difference in cloud cover is small, but increases in the afternoon to a mean difference of 5.3% at 16:00 UTC. This analysis includes all pixels in the domain (Fig.  2c ) with one land cover class (100%). Throughout the day, the cloud fractions are statistically significantly different (z-split, Wilcoxon sign-ranked test: n urban = n low vegetation = 21,960, T = 90,529,747.5 and p = 0.000) between urban and rural pixels. The interquartile ranges show the spread in the cloud fraction differences (Fig. 2a) . Sometimes the differences are small, but an urban cloud fraction increment of 10-14% is frequent. Above Paris the mean cloud fraction is variable, 5-10% higher than over the surrounding areas, with a maximum over the northeast of the city (Fig. 2b ). Other areas with enhanced cloud cover are large forest regions, which is in agreement with previous studies. 21 Therefore, the magnitude of the difference (Fig. 2a) depends on which rural land cover type the urban fraction is compared to. The difference in cloud fraction (CF) relative to forests is smaller, as some enhancement of clouds is observed for both (median CF forest − CF low vegetation = 0.7%). The orography in the area varies only slightly, with the largest elevation differences associated with the Seine river basin (~100 m, Supplementary Fig. 1 ). The smallest cloud fractions to the southeast of Paris coincide with a valley that might reduce convective activity. 22 To assess whether local mechanisms other than those associated with the city may cause the enhanced occurrence of clouds, the same analysis is performed for London (Fig. 2d-f) . In London differences between urban and rural cloud fractions are slightly higher (mean of~5.0% and a median of~3.4% 14:00-17:00 UTC) and again significant (z-split, Wilcoxon signranked test: n urban = n low vegetation = 21,825, T = 72,600,869 and p = 0.000). As for Paris, the urban enhancement of clouds peaks in the afternoon. Again the spread shows the likelihood of larger differences in the interquartile range. Surrounding London, there are insufficient forest pixels to compute cloud fraction differences. Compared to Paris, differences in cloud fractions are slightly positive in the morning for London. For London, it is more challenging to establish the rural background cloud conditions given the proximity of the coast and elevated terrain (Supplementary Fig. 1 ). The analysis (Fig. 2d ) uses only those pixels in the domain (Fig. 2f ) that are from a single (100%) land cover class and includes elevated pixels and those close to the coast. Near the coast, the cloud fraction can be 10-15% lower than inland. This is attributed to the formation of an internal boundary layer as the surface transitions from sea to land. It takes about 10-20 km before the boundary layer reaches an equilibrium height. 23 Higher cloud fractions northwest of London are caused by orography ( Supplementary Fig. 1 ).
Ground-based observations As the MSG-HRV measurements require visible radiation, the cloud masks are unreliable during the evening transition. Hence, cloud occurrence (Fig. 3a) from ground-based ceilometer observations of cloud-base height (Fig. 3b) are analysed. The ceilometers are located in London and~100 km to the south west (Chilbolton, Fig.  2f ). The ceilometer data also show a higher frequency of clouds over London (Fig. 2a, d ). During the afternoon (15:00-17:30) boundary-layer clouds are 7% more likely to occur over London than at Chilbolton. The enhanced London cloud frequency peaks at around 22:00 UTC, with cumulus clouds being 24% more common over the city than the rural site. This enhancement is found for all wind directions, but it is weaker when the wind is directly from the sea (Easterly to Northeasterly, Supplementary  Fig. 2 ). A second peak in the cloud cover difference occurs around sunrise. However, this difference is not as apparent in the satellite data ( Fig. 2d ) and might be attributed to other mesoscale processes.
While there is enhanced occurence of clouds over London in the afternoon and evening, the cloud-base height is higher during the day (Fig. 3b) . The smallest differences in cloud-base height (London -Chilbolton) are observed at night when cloud-base height temporal variability is greatest. During the day variation in cloud-base height is smaller. Between the two sites the largest difference occurs 14:00-17:00 UTC, with a median difference of 200 m. Higher cloud bases were observed in Nashville over the city in the afternoon 10 and in California over more densely built urban surfaces for stratus clouds. 24 An elevated cloud base is associated with the presence of a drier sub-cloud layer causing the lifting condensation level (z LCL ) to be higher above the surface. The z LCL is closely related to the dew-point depression at the surface (air minus dew point temperature, T − T d ). 25 A higher dew point depression indicates a drier sub-cloud layer and results in a greater cloud-base height. In May, June, July and August of 2011-2014 (all cumulus cases where the measurements of Chilbolton and London, overlap) the median afternoon (14:00-17:00) dew-point depression was 3.2 K higher in London (KCL) compared to Chilbolton. This is mostly driven by a much lower dew point temperature in the city (urban -rural ΔT d = −2.5 K and ΔT = 0.7 K), demonstrating the reduced moisture in the city is largely responsible for the cloud-base height difference between London and Chilbolton.
Surface energy balance and boundary-layer turbulence During spring and summer, the city has a drier atmosphere during the day than the surroundings. [26] [27] [28] The decreased moisture over London can be attributed to the limited surface moisture available, causing latent heat fluxes to be about four times smaller than over the rural site during the day (Fig. 4) .
Differences in turbulent sensible heat fluxes between the two sites are lowest in the morning, because in central London a larger proportion of the incoming energy is partitioned into the storage heat flux.
14 After 11:00 UTC, the turbulent sensible heat flux at Chilbolton starts to decrease, becoming negative after 17:00 UTC. Whereas, in London, it starts to decrease 3 h later and usually stays around 50 W m −2 , 29 providing persistent turbulent updrafts to transport the little available moisture upwards. These fluxes are maintained by the release of storage heat flux from the built environment and hence continue to play a role even after sunset.
Longer-lasting surface-driven turbulence is confirmed by the vertical velocity variance derived from doppler lidar observations (Fig. 5c ). During the day (10:00-16:00) the turbulence at both sites has a maximum above the ground, indicative of a convective boundary layer (driven by a positive Q H ). The velocity variance in the urban area is more than twice as strong as over the rural site (Fig. 5b) . This results in a deeper day-time mixing height over London than over the rural site (Fig. 5a) , as observed previously. 10, 30 The nocturnal higher sensible heat flux over London leads to increased vertical velocity variance (Fig. 5c) . As a result, the sustained convection delays the decay of the mixing height (Fig. 5a ) and sustains the clouds within the boundary layer. The clouds stay coupled to the surface moisture source longer and therefore persist into the night (Fig. 3a) . Whereas, at the rural site the negative sensible heat flux results in the formation of a stable boundary layer, so that the convective clouds become decoupled from the surface and dissipate.
The source of the moisture that is transported upwards in the evening urban boundary layer is still unclear. In addition to moisture from the surface below (i.e., latent heat flux), surface heterogeneities in drag and energy balance partitioning could cause local circulations and horizontal convergence. This can transport moisture from other areas (e.g., parks). 31 Zhu et al. 8 found horizontal advection of rural moisture into the city depends on the soil moisture in the surroundings with clear effects on precipitation (and clouds) over the urban area. The findings (Figs. 2-5) are robust, i.e., they do not depend on the case study periods selected. When all observations (ceilometer at Chilbolton and London, doppler lidar at Chilbolton and London, satellite images, and eddy covariance fluxes) overlap during the summer months of 2011 (n days = 69), the same enhancement of clouds in the late afternoon and evening is observed in combination with a longer lasting positive sensible heat flux and greater mixing height over London compared to Chilbolton (Supplementary Fig. 3 ). This phenomenon is also illustrated in a case study ( Supplementary Fig. 4 ).
DISCUSSION
The influence of the urban surface on cloud cover is similar to the enhancement seen over forests. 21, 32 This might seem counterintuitive, but some of the near-surface processes in forests are similar to those in urban areas. Forests may be associated with higher sensible heat fluxes than from grasslands 33 depending on the moisture availability at the sites. Additionally, forests can have enhanced surface drag and altered flow with potential influence on mesoscale circulations. 34 The extensive long-term data set in and around London allowed us to associate the persisting cloud cover to prolonged surface heating and convection over the city. Energy balance observations from many other cities have shown a longer lasting and mostly positive sensible heat flux during the evening and night time, including Basel, Switzerland, 15 Marseille, France, 35 Helsinki, Finland, 36 Cairo, Egypt, 37 Łódź, Poland, 38 Montreal, Canada, 39 Mexico City, Mexico 40 and Sacramento, CA, USA. 41 Hence, persistent convective clouds may occur over many large urban agglomerations.
Urban-precipitation interaction studies have also seen variations in precipitation patterns linked to surface heating, 42 but hypothesise that not only the surface energy balance plays a role in altering convective precipitation over cities. The enhanced surface roughness/drag and additional aerosols acting as cloud condensation nuclei are also expected to influence convection, cloud formation and precipitation. 16, 43 There is still debate about the physical processes related to the influence of aerosols on cloud formation. 44 Aerosols are commonly suggested to enhance cloud lifetimes. 45 However, for low, non-precipitating clouds such as shallow cumulus the effect of enhanced aerosols on cloud lifetimes is observed to be very small or aerosols might even decrease their lifetime. 46, 47 The mechanisms responsible for linking urban surface fluxes to altered clouds and convection need to be confirmed using numerical simulations. Idealised simulations without synoptic forcing or aerosols have seen more persistent cloud cover over urban areas. 8 For the boundary-layer clouds analysed here, the enhanced and longer lasting turbulent transport of moisture in the boundary layer driven by the extended sensible heat release over the city seems to cause clouds to be more persistent compared to rural settings. Therefore, urban areas are seen to directly affect weather phenomena besides temperature, impacting the city's inhabitants. Additionally, the difference in cloud cover is hypothesised to cause differences in the radiative forcing, especially during night time. A higher radiative forcing over the city could intensify the nocturnal urban heat island.
METHODS
A combination of observational tools are used in this study. The spatial variability in cloud cover is derived from satellite images. Cloud occurrence and cloud-base heights are derived from ceilometers. 48 Turbulence statistics and mixing heights are derived from a doppler lidar at a site in London and 100 km south west of London (Chilbolton 51°09′N, 01°26′W). This study focuses on May, June, July and August, late spring and summer months.
Cumulus cases
The majority of the results are stratified to only include days with cumulus clouds present. Using SYNOP reports from two WMO stations in each city, 49 Orly ( 5 ). The spikes in the distribution are removed using a triangular moving average smoothing. The HRV count corresponding to the cloud threshold is taken as the next greater HRV count after the greatest difference of the consecutively ranked values in the cumulative distribution. Through this method the HRV counts that correspond to shadows are excluded. Using the cloud thresholds, cloud masks are created, where HRVcounts higher than the cloud threshold are classified as clouds and lower as clear. The cloud masks are used to determine the cloud fractions after which spatial (Fig. 2a, d ) and temporal (Fig. 2b, e) statistics are calculated. Misclassified pixels due to underrepresentation of clear or cloudy HRV counts within an hour of a 10-day period might introduce errors into the statistics, but as these are individual pixels for a relatively small period of time and their effect is small relative to overall spatial results.
Ceilometer
Cloud occurrence probabilities and cloud-base height are determined from two Vaisala ceilometers (both operating at~905 nm), a CL31 in London (MR, 51°31′21.1″N 0°09′16.5″W) and a CT75K at Chilbolton. The highresolution data of the CL31 (15 s, 10 m) and CT25K (30 s, 30 m) are resampled to 15 min resolution according to Kotthaus and Grimmond. 19 To focus on boundary-layer clouds, only cloud-base heights below 3 km are analysed. The five year (2011) (2012) (2013) (2014) (2015) overlap between London and Chilbolton sites is analysed. The first 3 gates are excluded for both lidars, and data with low signal to noise ratio is removed (SNR<−17 dB 51 ). To correct for limited sampling frequency of the vertical velocity (w), a spectral correction is performed based on previous studies. 30, 50 Using the corrected vertical velocity variance, the mixing height is determined assuming a threshold of 0.1 m 2 s −2 . The sensitivity of this threshold is checked by perturbing the threshold by 30% 20,30,52 within 21 bins. Finally, the median of the 21 values is chosen to be the mixing height. Mixing heights during periods (using the SYNOP reports) of rain are excluded from the analysis. This method of determining the mixing height is based on active turbulence in the boundary layer. A comparison to other, scalar-gradient methods of determining the mixed-layer height is discussed in Kotthaus et al. 52 
DATA AVAILABILITY
Raw data for the Chilbolton site is available at http://catalogue.ceda.ac.uk/. MSG HRV channel data can be requested at https://www.eumetsat.int/website/home/Data/ 0DegreeService/index.html. The processed data and codes are available at https:// doi.org/10.5281/zenodo.2640662 by request.
